Abstract Many pelagic fish species have a life history that involves producing 7 a large number of small eggs. This is the result of a trade-off between fecun-8 dity and larval survival probability. There are also trade-offs involving other 9 traits, such as larval swimming speed. Swimming faster increases the average 10 food encounter rate but also increases the metabolic cost. Here we introduce 11 an evolutionary model comprising fecundity and swimming speed as heritable 12 traits. We show that there can be two evolutionary stable strategies. In en-13 vironments where there is little noise in the food encounter rate, the stable 14 strategy is a low-fecundity strategy with a swimming speed that minimises In a population following this strategy, the swimming speed is higher than 21 would be anticipated by maximising the mean growth rate.
a tiny fraction of larvae reach reproductive maturity, the important part of The larval fish experience an metabolic cost due to swimming. This is 105 assumed be deterministic and proportional to the Stokes drag, which in-
106
creases quadratically with swimming speed (Pitchford and Brindley, 2001).
107
The metabolic cost is assumed to result in a loss of body mass at rate
According to the above assumptions, the mean net growth rate and the 109 diffusivity in Eq. (2.1) are
p . By a non-dimensionalisation of the variables X, t and v (see Appendix), we 111 may rewrite
where s = Sx p /x m , α = 4ac/(b 2 x p ), the initial mass is X(0) = x 0 /x m and the 113 maturity size is x m = 1.
114
The time taken to reach maturity T h is the first time that the body size 115 X(t) exceeds x m = 1. Since the growth process is stochastic, T h is a random 116 variable, referred to as a first hitting time. For the stochastic process described 117 by Eq. (2.1), the first hitting time has as an inverse Gaussian distribution, with 118 cumulative density function (CDF)
where Φ is the CDF of the standard normal distribution N (0, 1) (Grimmett 120 and Stirzaker, 1992). Eq. (2.4) corresponds to the probability that a fish with 121 swimming speed v and mass-at-birth x 0 will reach maturity by time t.
122
We assume that, on reaching maturity, a constant proportion p of the 123 parent's body mass is used to generate offspring, and that this mass is divided 124 evenly between all n offspring. Hence, the mass-at-birth of an individual whose 125 parent has fecundity n is x 0 = p/n.
126
The model therefore has three parameters: (i) the mean food intake rate 127 for a non-swimming larvae α; (ii) the proportion p of parental mass used for 128 reproduction; and (iii) the noise level s, which is the product of the prey 129 patchiness S and the mass of a prey item x p relative to the maturity mass x m .
130
We will set a = 0 (and as a consequence α = 0) so that the expected encounter 131 rate for a non-swimming fish larvae is zero, and p = 0.2, and investigate a 132 range of noise levels s. Note that setting α = 0 does not remove noise from 133 the system; turbulence and spatial heterogeneity still play an important role 134 in promoting variability in realised encounter rates via the noise parameter s.
135
We have tested the effect of varying α in the range 0 to 4 and p in the range such as copepods, to 10 −4 for smaller species feeding on larger prey.
Fitness

140
In an equilibrium population in which all individuals have fecundity n, an or the abundance of prey.
146
The fitness W (v, n) of a strategy with swimming speed v and fecundity n 147 is defined by the expected time taken for a proportion 1/n of the offspring to 148 reach maturity. Since the initial mass of offspring of a parent with fecundity
149
n is x 0 = p/n, the expected time taken, t * (v, n), for a proportion 1/n of the 150 parent's offspring to reach maturity is defined implicitly by
For given values of v and n, this equation was solved to find t * using Matlab's 152 numerical root finder fzero. We define fitness W as inversely proportional to
A resident strategy (v r , n r ) is vulnerable to invasion by any mutant strategy
155
(v, n) with a higher fitness. In this model formulation, the fitness of a given 156 strategy is independent of the strategies being followed by other individuals in 
Genetic algorithm
161
We simulated the evolution of swimming speed and fecundity using a sim- However, the evolutionary optimum for fecundity commonly lies at one of the 176 physiologically imposed limits, favouring either a strategy of "as many small 177 larvae as possible", or its opposite, depending on the selective environment. The total number of offspring is swimming speed can be several times larger than the deterministic optimum.
212
In these cases, the mean growth rate is actually negative (i.e. mass lost due to 213 the metabolic cost of swimming is greater than the mass gained from prey en- (Fig. 2a, b) and to high fecundity (n = n max ) when noise is high (Fig. 2e-224 h). This finding is robust to changes to the value of n max , which only affect 225 the time taken for the population to converge. At moderate noise levels, the 226 population can get trapped in the local optimum at low fecundity (Fig. 2c, d ). or high fecundity (n ≈ n max ) strategy, depending on the initial conditions.
242
The optimal swimming speed is largely independent of initial conditions 243 and consistent with the predictions of the analytical model (Fig. 3b) . At low 244 noise levels, when the population is in the low-fecundity state, the swimming 245 speed is close to the value that maximises the mean net growth rate in Eq.
246
(2.2), referred to as the deterministically optimum speed. There is a range of 247 intermediate noise levels (roughly 10 −4 < s < 10 −2 ) for which the optimum 248 strategy is high fecundity but the swimming speed is still close to the deter-249 ministic optimum. At high noise levels (s > 10 −2 ), the optimum strategy is 250 high fecundity and high swimming speed. As the noise level is subsequently reduced, the population remains trapped in the high-fecundity local optimum, 252 but the swimming speed evolves back down towards the deterministic op-253 timum. In other words, the hysteresis observed in the population fecundity 254 (Fig. 3a) is not present in the population swimming speed (Fig. 3b) .
255
Discussion
256
The trade-off between producing many small eggs or fewer large ones has been the evolutionarily stable strategy is to swim at the speed that maximises the 264 mean net growth rate, which is a balance between the prey encounter rate and 265 the metabolic cost. This is the result of a simple deterministic optimisation.
266
In high-noise environments, it becomes advantageous to swim faster than the 267 deterministic optimum. This reduces the mean net growth rate, but increases 
334
The evolutionary stability of a high-fecundity strategy is robust to changes 
355
In the model, we assumed that fish reproduce only once on reaching ma- We chose to study larval swimming speed because it is a variable trait 366 that is a key determinant of prey encounter rate. But our results illustrate a 367 wider point: when a particular trait has a combination of deterministic and 368 stochastic effects, its optimal value will depend on the level of stochasticity 369 (Currey et al., 2007) . Optimising mean values, like the mean growth rate, is 370 not likely lead to an evolutionarily stable strategy when stochastic effects are 371 strong and when only a small fraction of offspring reach reproductive maturity.
